Raspberry ringspot virus has two RNA species, of mol. wt. about 2"4 x io 6 (RNA-I) and t.4x i06 (RNA-2). In experiments with four naturally occurring strains, virus hybrids were made by mixing RNA-I and RNA-2 preparations from different strains. Parent strains were regenerated by crossing appropriate hybrids. In the crosses, both serological specificity and transmissibility by the nematode Longidorus elongatus were determined by RNA-2, suggesting that the protein surface of the virus particles is involved in the transmission process. Ability of isolates to cause systemic yellowing in Petunia hybrida, previously found to be also controlled by RNA-2, was shown to be associated with distinctive ultrastructural changes in the chloroplasts. Severity of systemic symptoms in Chenopodium quinoa and other herbaceous hosts, ability to infect Lloyd George raspberry and ability to invade the non-inoculated leaves of Phaseolus vulgaris, were all determined by RNA-I. Both RNA species played a part in determining lesion type in inoculated leaves of Chenopodium amaranticolor and C. quinoa, and in some crosses the two kinds of hybrid were respectively less virulent and more virulent than either parent. The determinant for systemic symptoms in Petunia hybrida that is carried by RNA-2 was not expressed when in association with RNA
INTRODUCTION
Recent research shows that many plant viruses have genomes composed of two or more pieces of RNA. Commonly these different RNA species are contained in nucleoprotein particles with different sedimentation coefficients and/or densities. Raspberry ringspot is one such virus. It produces nucleoprotein particles of three types which contain one RNA molecule of mol. wt. 2. 4 x IO ~ (RNA-I), or either one or two RNA molecules of mol. wt. I"4 x IO ° (RNA-2) (Murant et al. I972; Mayo et al. I973) . The main evidence that both RNA-I and RNA-2 are parts of the genome is that (I) preparations of RNA-I have little infectivity and those of RNA-2 almost none, whereas mixtures of RNA-I and RNA-2 are very infective; (2) the activity of RNA-I and of RNA-2 is abolished by u.v. irradiation; (3) RNA-I and RNA-2 from tobacco ringspot virus, or yeast RNA, do not enhance the infectivity of RNA species from raspberry ringspot virus; and (4) hybrid virus isolates are produced in plants infected with RNA-I from one virus strain plus RNA-2 from another strain, and these hybrids have the serological specificity and effects on Petunia hybrids of the strain donating RNA-2 (Harrison, Murant & Mayo, I972a , b) .
In this paper we describe further properties of hybrids between four naturally occurring strains of raspberry ringspot virus. We have identified several characters determined by RNA-I, proving that the virus has indeed a multipartite genome, and the behaviour of the hybrids suggests ways in which such biological properties as host range, nematode transmissibility, virulence and systemic invasiveness are determined.
METHODS
Virus strains. The following strains of raspberry ringspot virus (R/I : 2.4/43 + 1.4/3o (or 2× I'4[46) :S/S:SINe, nepovirus group) were used: (1) Strain S, the type culture of the Scottish strain (Harrison, I958 ) . (2) Strain E, the type culture of the English strain, originally obtained from Rubus procerus (Cadman, 196o ) . (3) Strain LG, a culture (LG 33) obtained from Lloyd George raspberry (Murant, Taylor & Chambers, 1968) , a cultivar which is immune to strains E and S. (4) Strain D, a culture obtained from Ribes rubrum in the Netherlands ( Van der Meet, 196o) and distinguished from strain S by the symptoms induced in Petunia hybrids (Harrison, 1961 ) .
In immunodiffusion tests for spur formation, strain E is readily distinguished from strains S, LG and D; strains S and D are serologically identical, but differ slightly from strain LG.
Virus propagation, purification and assay. Strains S, E and D were propagated in Nicotiana clevelandii and strain LG in Chenopodium quinoa. Virus was purified from systemically infected leaves by the method of Mutant et al. (1972) . For quantitative infectivity tests with virus RNA, inoculations were made to leaves of Chenopodium amaranticolor, taking precautions to prevent inactivation (Murant et al. I972 ) . The local lesions were counted about a week after inoculation. Single-lesion isolates were obtained from C. amaranticolor and cultured in C. quinoa (Harrison et al. I972b ) . Back-tests of herbaceous plants exposed to infection were made by inoculating sap to C. amaranticolor or C. quinoa. Tests of raspberry and Fragaria vesca plants were made by grinding leaf tissue in 2 ~ nicotine solution (Cadman, 1959) containing a little alumina powder, and inoculating the extracts to C. quinoa leaves. Before inoculation, leaves were dusted with 5oo-mesh Carborundum.
Preparation andfractionation of RNA. RNA was extracted from purified virus preparations using pronase and SDS, heated in electrophoresis buffer containing 8 M-urea, and fractionated by electrophoresis in polyacrylamide gels as described by Murant et al. (I972) . RNA inocula were obtained from the gels as indicated by Harrison et al. (t972b) . Within an experiment in which inocula containing different mixtures of RNA preparations were compared, any one RNA component from any one virus strain was used at the same final concentration.
Serological tests. Antisera to strains S, E and LG were prepared, and immunodiffusion tests made, as described by . Sap from inoculated or systemically infected leaves of C. quinoa was used as antigen.
Transmission by nematodes. Soil containing virus-free populations of the nematode Longidorus elongatus, the natural vector of strains S and LG (Taylor, 1962; Murant et al. 1968) was obtained from two sites in East Perthshire. These soils respectively contained about ZlO and 27o L. elongatus per 2oo g. Transmission experiments were done as described by Taylor & Murant (1969) . After allowing the nematodes access for about one month to the roots of systemically infected Chenopodium quinoa plants, these plants were replaced by 'bait plants' (uninfected C. quinoa, Lloyd George raspberry or Fragaria vesca) . Infection of C. quinoa bait plants was tested, after exposure to the nematodes for I month, by inoculating sap from each hypocotyl to a single C. quinoa plant. Infection of individual raspberry and F. vesca plants was assessed 9 months after exposure by inoculating leaf extracts to C. quinoa.
Symptoms in test plants. The symptoms produced by parent and hybrid virus isolates were compared using manually inoculated test plants kept in a glasshouse at a mean temperature of about 2o °C (range I5 to 25 °C). The isolates obtained from any one cross were inoculated on the same day and the test plants were selected for uniformity. The symptom differences were reproducible using different batches of plants on different occasions.
Sections for light and electron microscopy. Leaf tissue was prepared for electron microscopy as described by Iones, Kinninmonth & Roberts (2972) . During sectioning of a block for electron microscopy, sections I #m thick were cut for light microscopy, stained with basic fuchsin followed by alkaline methylene blue (Huber, Parker & Odland, ~968) and then mounted in DePeX (G. T. Gurr, London).
RESULTS

Infectivity of RNA species, singly and together
The results of polyacrylamide gel electrophoresis indicated that the sizes of RNA-I and RNA-2 did not differ appreciably between strains. With 3o preparations from the various virus strains, the ratio of the amount of RNA-2 to amount of RNA-I found in the gels used as RNA sources ranged from o.8 to 5"3; the values for strain E tended to be larger than those for strains S and LG.
RNA-I and RNA-z preparations from pairs of strains were mixed and inoculated to Chenopodium amarantieolor. Other leaves were inoculated with the two parental mixtures and with each RNA-2 and RNA-2 preparation alone. Hybrid isolates were then cultured from single lesions produced in C. amaranticolor. In all such experiments, RNA-2 preparations had little or no infectivity, RNA-I preparations were somewhat infective and RNA-I + RNA-2 inocula were considerably more infective. There was no consistent difference in infectivity between RNA-I + RNA-z inocula in which the components came from the same strain and of those in which the components were from different strains. Table I gives the results of one experiment; other pairs of strains gave similar figures. These observations confirm and extend previous results (Harrison et al. I972 a, b) .
Crosses between strains S and LG
Strains S and LG differ slightly in antigenic constitution.
LG produces chlorotic local lesions in Chenopodium amaranticolor and C. quinoa, and a systemic distorting mottle in C. quinoa, whereas S produces local lesions with necrotic centres in both species, and systemic necrosis in C. quinoa.
LG but not S infects the raspberry variety Lloyd George. Results of crosses between the two strains are given in Table 2 . Immunodiffusion tests with LG antiserum indicated that all but 5 of the 49 single-lesion isolates examined had the serological specificity of the strain donating RNA-2. The 5 exceptions are attributed to contamination of RNA-I(LG) with RNA-2(LG), which is indicated by the relatively high infectivity (I5 lesions per C. amarantieolor leaf) of the preparation of RNA-~(LG) used in this experiment. Thus, as in the cross between strains S and E (Harrison et al. I972b) , serological specificity was determined by RNA-z. 
. D. H A R R I S O N A N D O T H E R S T a b l e I. Production and behaviour of single-lesion isolates obtained by crossing strains S and LG
Properties of single-lesion isolates * Chenopodium quinoa plants were grown in seed-boxes filled with soil infested with virus-free Longidorus elongatus. When the plants had four inoculable leaves, they were inoculated with the specified viruses. Four weeks later they were removed and rooted cuttings of Lloyd George raspberry planted. Nine months later the raspberry leaves were tested for raspberry ringspot virus by inoculation of sap to C. quinoa test plants.
Serological specificity S y m p t o m s in Lesions in
Numerator is number of plants infected; denominator is number exposed to infection.
In contrast, lesion type and severity of systemic symptoms were determined by RNA-I (Table I ). The hybrid RNA-I (LG)/RNA-2(S) resembled RNA-I (LG)/RNA-2(LG) in producing chlorotic local lesions in Chenopodium amaranticolor (Fig. I ) and chlorotic local lesions and systemic distorting mottle in C. quinoa, whereas hybrid RNA-ffS)/RNA-2(LG) resembled RNA-I(S)/RNA-2(S) in producing necrotic local lesions in both species, and systemic necrosis in C. quinoa.
It is very difficult to return raspberry ringspot virus to raspberry either by manual inoculation with virus preparations or by grafting with systemically infected Chenopodium quinoa. In attempts using strain LG, only one plant of Lloyd George raspberry was infected out of 74 inoculated. The vector nematode Longidorus elongatus was therefore used in experiments to test the ability of homologous and heterologous hybrids to infect Lloyd George raspberry. Two hybrid isolates of each type were used. The results (Table 2) show that only isolates containing RNA-I(LG) infected the raspberry plants and we therefore conclude that RNA-I determines ability to infect Lloyd George raspberry. In parallel tests L.
elongatus readily transmitted strain S to Fragaria vesca, showing that its vector transmissibility had not been lost, as sometimes happens when plant viruses are subcultured many times without using vectors (Black, 1953) .
If, as we presume (Harrison et aL I972b) , the hybrids are made simply by re-assorting the RNA species of two strains, it should be possible to regenerate the parent strains by crossing one type of hybrid with the other. Table 3 shows the results of an experiment in which this was attempted, using serological specificity as a marker for RNA-2 and symptom type in Chenopodium quinoa as a marker for RNA-I. The parent strains were regenerated in 21 out of 24 instances, the three exceptions presumably being the result of contamination of RNA-I(S) by RNA-2(LG). In previous experiments only one antiserum was used to determine antigenic specificity but in this experiment 35 of the 43 isolates were tested by immunodiffusion using both LG antiserum and S antiserum. Fifteen isolates behaved like strain S. They produced a spur when placed in wells next to strain LG and tested with S antiserum, whereas LG produced a spur when LG antiserum was used; no spur developed when these isolates were placed next to strain S and tested with either antiserum. Conversely the other 2o isolates behaved identically to strain LG in a similar series of tests. Thus the antigenic determinant specific to each strain is controlled by RNA-2. 
I6-2
Crosses between strains E and LG
Strains E and LG differ serologically and also in the symptoms they induce in the five plant species listed in Table 4 . When RNA-I and RNA-2 from the two strains were mixed in the four possible combinations, the reactions of the resulting isolates with E antiserum indicated, as before, that antigenic specificity is determined by RNA-z. The reactions produced by the isolates in inoculated leaves of Chenopodium amaranticolor and C. quinoa indicate that RNA-I and RNA-2 both play a role in determining lesion type (Table 4 , Fig. 2 ). The two kinds of hybrid were either more virulent or less virulent than both of the parent strains. Indeed the same phenomenon could just be discerned in the cross of strains S and LG (Fig. I) . This behaviour suggests that in strain LG a determinant in RNA-r favouring avirulence is to some extent counteracted by a determinant in RNA-2 favouring virulence, and that the converse applies in both strain E and strain S. In all three strains the determinant in RNA-I has a greater effect than that in RNA-2.
Previous work on the cross between strain S and strain E (Harrison et al. I972b ) has shown that RNA-2 determines whether systemic symptoms in Petunia hybrida consist of ringspots followed by generalized yellowing or of ringspots followed by milder symptoms. In the cross between strain E and strain LG, the difference between the symptoms induced by RNA-I(E)]RNA-z(E) isolates and RNA-I(E)/RNA-2(LG) isolates can be explained similarly. However, isolates containing RNA-I(LG) produced no symptoms (Table 4) . In this cross, therefore, RNA-I seems to determine whether or not symptoms are produced, with RNA-2 determining the type of symptom, if any. This effect of RNA-I may be analogous to epistasis.
A similar system seems to govern the expression of symptoms in inoculated leaves of Phaseolus vulgaris, with RNA-I determining whether or not symptoms develop and RNA-2 determining symptom type. RNA-~ also determined whether or not P. vulgaris was invaded systemically. In Nicotiana clevelandii the symptoms produced were determined by RNA-I (Table 4) .
Crosses between strains D and LG
Like strain E, strain D induces systemic yellowing in Petunia hybrida, although the two differ considerably in antigenic constitution. The yellowing determinant was expressed in the same way in hybrids from the cross between strains D and LG as in those from the On: Sat, 04 May 2019 02:32:11 
Symptoms produced by single-lesion isolates of raspberry ringspot virus from the cross strain LG x strain E
Virus isolate 
Crosses between strains S and E
Strains S and E differ in serological specificity and in transmissibility by nematode vectors. Longidorus maerosoma transmits strain E but not strain S (Harrison, I964) , whereas L. elongatus transmits strain S more efficiently than strain E (Taylor & Murant, I969) . Virus-free L. maerosoma were not readily available, but tests of the transmissibility by L. elongatus of single-lesion isolates, two representing each of the four possible combinations of RNA-I and RNA.-z from strains E and S, showed that isolates containing RNA-2(S) were consistently more frequently transmitted than those containing RNA-2(E) ( Table 5) . RNA-I seemed to have no effect on transmissibility. At the end of the experiment there were only small and inconsistent differences between isolates in the numbers of L. elongatus surviving. No transmission occurred in the absence of L. elongatus. We conclude that RNA-2 determines nematode transmissibility.
Strains S and E also differ in ability to cause systemic yellowing symptoms in Petunia hybrida, and this too is determined by RNA-2 (Harrison et aL 1972b) . In further work, leaf tissue ofP. hybrida was sectioned for light and electron microscopy to see what structural changes were associated with the macroscopic effects. In mesophyll cells of leaves systemically infected with strain E, the starch began to disappear about 18 days after inoculation; by 3o days the chloroplasts were rounded, somewhat clumped, devoid of starch and contained few thylakoids (Fig. 3a) . Only a thin layer of cytoplasm remained lining the cell wall. Later the chloroplasts degenerated further; they became irregular in outline, contained few if any thylakoids, and small vesicles appeared, many towards the margin of the chloroplasts and several containing osmiophilic material (Fig. 3 c) . In contrast, in cells from noninfected plants or those infected with strain S, starch continued to accumulate up to day 3o, the chloroplasts were less rounded and clumped, and contained many well-developed thylakoids stacked to form grana (Fig. 4a, b ). The cells also had a thicker lining of cytoplasm. In all these respects, cells infected with an isolate of hybrid RNA-I(S)[RNA-2(E) (Fig. 3 b, d ) appeared like those infected with strain E whereas cells infected with an isolate of hybrid RNA-I(E)/RNA-2(S) (Fig. 4c) were similar to those with strain S. These effects on the chloroplasts therefore all seem determined by RNA-2.
Some other effects were not strain specific. Thus inclusion bodies composed of many small membrane-bounded sacs interspersed with ribosomes and endoplasmic reticulum were often found near the nucleus of cells infected by each of the hybrids and each parent strain (Fig. 5) , but not in uninfected cells. These inclusion bodies resemble those in Chenopodium amaranticoIor leaves infected with strawberry latent ringspot, arabis mosaic (Roberts & Harrison, I97O) , or cherry leaf roll (Jones et al. 1972) viruses, and seem typical of nepovirus infections. Also, the chromatin was marginated in the nuclei of cells infected by both parent strains of raspberry ringspot virus, and both hybrids, but not in uninfected cells. Fig. 3 . Sections of chloroplasts from Petunia hybrida leaves systemically infected with (a) strain E, 3o days after inoculation, (b) and (d) hybrid RNA-I(S)/RNA-2(E), 40 days after inoculation, (c) strain E, 38 days after inoculation. Note the sparsity of thylakoids (T), the many vesicles (V) in the chloroplast stroma, the osmiophilic droplets (O) and the irregular outline of the chloroplasts in (c) and (d).
Determinants of properties of R R V
243 Fig. 4 -Sections of Petunia hybrida chloroplasts from leaves of (a) virus-free plant, (b) plant systemically infected with strain S, and (e) plant systemically infected with hybrid RNA-ffE)/RNAz(S). All the chloroplasts have a rounded outline, and contain starch grains (A) and normal thylakoids (T). Table 6 summarizes the evidence from the crosses between the four pairs of strains. Three biological characters were determined by RNA-2, three by R N A -I , and one by both R N A species. The evidence from the different crosses was consistent throughout. Fulton, 1972) is there evidence of a more complicated situation; however, in this work nucleoprotein particles and not RNA species were separated, and it is not clear which of the four RNA species of tobacco streak virus are functional or how they are distributed among the nucleoprotein components (Clark & Lister, I97I) . The prevalence of genetic systems of this general type among plant viruses suggests that they confer selective advantages for survival, and reassortment of comparable linkage groups from different mutants certainly permits an increase in the range of variability stemming from a given number of mutations. For instance, the cross between strains E and LG has probably produced a hybrid virus transmissible by Longidorus maerosoma and able to infect Lloyd George raspberry. Such novel combinations of vector specificity and host range presumably also occur in nature, where they cannot fail to be important for the long-term ecological success of the viruses.
Summary of distribution of determinants between RNA species
It is becoming clear that there are similarities between the locations of the genetic determinants for similar characters in the multipartite genomes of different viruses. For instance, as with raspberry ringspot virus, the coat protein gene is located in the smallest essential RNA species in tobacco rattle (Sfmger, I968), alfalfa mosaic (Dingjan-Versteegh et al. I972 ) and brome mosaic (Lane & Kaesberg, I97I) viruses, although 'these viruses are classified in four different groups (Harrison et al. I97I) . Similarly, determinants for systemic yellowing or yellow mosaic symptoms are located in the smallest essential RNA of tobacco rattle (Lister & Bracker, ~969) , raspberry ringspot (Harrison et al. I972b) , alfalfa mosaic (Dingjan-Versteegh et al. 1972) and cowpea chlorotic mottle (Bancroft & Lane, 1973) viruses. However, there are also differences. Thus determinants for the ability to infect various plants systemically are located in the larger RNA of raspberry ringspot virus, the smaller RNA of cowpea mosaic virus (de Jager & van Kammen, I97o) and the middlesized RNA of alfalfa mosaic virus (Dingjan-Versteegh et al. I972 ).
We have not shown whether or not there is more than one determinant on each RNA species, and it is possible that each RNA codes for only one protein having multiple functions, or a single function but multiple biological effects. One experimental approach to this problem would be to obtain revertants for one property and find whether other characters determined by the same RNA species have also reverted. Another would be to look for strains with symptom differences determined by RNA-2 but identical coat proteins. We already have two variants that may fulfil this requirement, because strains S and D seem indistinguishable by serological cross-absorption tests (Harrison, I96i ), yet the RNA-z of S induces systemic ringspot symptoms in Petunia hybrida whereas that of D induces ringspots followed by generalized yellowing. Unfortunately this does not necessarily indicate that there are two determinants on RNA-2, because the symptom differences may merely reflect a difference in a part of the coat protein that does not contribute to antigenicity. Amino acid sequencing would be necessary to clarify this point, a formidable task with a protein containing around 5oo amino acid residues (Mayo, Murant & Harrison, ~97I) . However, even such a relatively large protein accounts for only about 40 ~ of the coding potential of RNA-2.
Most of the phenotypic characters studied in other viruses seem to be controlled by one or other RNA species, although there are indications that more than one are involved in the control of lesion type in Phaseolus vulgaris infected by cowpea mosaic virus (Wood, i972 ) and in Chenopodiurn hybridum infected by brome mosaic virus (Bancroft & Lane, 1973) . Our work has produced two examples of interaction between determinants on different RNA species. Determinants on RNA-~ and RNA-2 act in a supplementary manner for the control of lesion type, and a determinant on RNA-I seems epistatic to one on RNA-2 in the control of systemic symptoms in Petunia hybrida.
Knowledge of the distribution of determinants between RNA-~ and RNA-2 enables some deductions to be made about the ways in which biological properties of raspberry ringspot virus are determined. For instance, the fact that the RNA species which controls antigenic specificity also determines transmissibility byLongidorus elongatus supports the view that the protein surface of the virus particle is crucially involved in the transmission process (Harrison, I964) , a view that also accords well with the observed retention of virus particles at a specific surface in the nematode's buccal capsule (Taylor & Robertson, I969) . Conversely, our finding that RNA-2 does not determine either ability to invade Phaseolus vulgaris systemically or ability to infect Lloyd George raspberry, and does not play a major role in determining virulence, strongly suggests that the virus coat protein is not the critical factor for these properties. Possibly some repressor of a host synthetic process, or a component of virus-induced RNA polymerase, is involved.
Not surprisingly, the systemic yellowing in Petunia hybrida is accompanied by ultrastructural changes in the chloroplasts. The sequence of biochemical events underlying these changes remains to be determined, but once leaves have turned yellow they do not later become green. More often they become almost white, and the structure of their plastids then resembles that of the abnormal plastids with mutant DNA found in the white parts of leaves of some variegated plants ( D6bel, 1964) .
The way in which the biological properties of viruses are determined by the virus genome is a central problem in plant virology. To solve it we need to determine the number of proteins coded for by a virus, to identify the functions of these proteins and to establish the mechanisms by which the virus-coded proteins control biological characteristics. Genetic analysis of the kind described in this paper is one approach, and should become increasingly fruitful when complementary biochemical studies of the virus strains and hybrids are made.
